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We investigate the collider signatures of neutral and charged Long-Lived Particles (LLPs), pre-
dicted by the Supersymmetric B − L extension of the Standard Model (BLSSM), at the Large
Hadron Collider (LHC). The BLSSM is a natural extension of the Minimal Supersymmetric Stan-
dard Model (MSSM) that can account for non-vanishing neutrino masses. We show that the lightest
right-handed sneutrino can be the Lightest Supersymmetric Particle (LSP), while the Next-to-the
LSP (NLSP) is either the lightest left-handed sneutrino or the left-handed stau, which are natural
candidates for the LLPs. We analyze the displaced vertex signature of the neutral LLP (the lightest
left-handed sneutrino), and the charged tracks associated with the charged LLP (the left-handed
stau). We show that the production cross sections of our neutral and charged LLPs are relatively
large, namely of order O(1) fb. Thus, probing these particles at the LHC is quite plausible. In
addition, we find that the displaced di-lepton associated with the lightest left-handed sneutrino has
a large impact parameter that discriminates it from other SM leptons. We also emphasize that the
charged track associated with the left-handed stau has a large momentum with slow moving charged
tracks, hence it is distinguished from the SM background and therefore it can be accessible at the
LHC.
I. INTRODUCTION
Searches for new physics at the LHC are largely based
on probing the direct decay of the associated new par-
ticles into SM particles, i.e., particles are produced and
decayed at the interaction point. However, an interest-
ing possibility of revealing new physics is to detect the
collider signatures of heavy LLPs. This type of particles
has a long lifetime, hence it can travel for a sizable dis-
tance inside the detector and decay at a point (secondary
vertex) different from its production point (primary ver-
tex). This signal is called displaced vertex, which is one
of the essential features of LLPs. These events can be
easily observed with almost negligible background. A
particle can have a long lifetime, and becomes an LLP,
if its couplings with all other particles in its decay chan-
nels are extremely small or if the mass difference between
this particle and the ones in its decay is very small, so
that the phase space is almost closed. Depending on the
lifetime of the LLP, its decay may take place either in a
detector tracker, or in a calorimeters and muon system,
or even outside the detector.
Various scenarios for the SM extensions, in particu-
larly supersymmetric models, predict the existence of
heavy LLPs with lifetime greater than few nanoseconds
and macroscopic decay length. In the MSSM, the LSP
is usually the lightest neutralino and the following par-
ticles are possible candidates for the NLSP, with quite
close mass to the mass of the LSP: Next-to-the light-
est neutralino, the lightest chargino, the lightest stau,
and the lightest stop. However, all these particles cou-
ple to the LSP with either gauge or Yukawa couplings,
which are not very suppressed. Also their associated mix-
ing matrices are not extremely small, so one can eas-
ily verify that their decay rates are not very suppressed
(larger than 10−10 GeV), hence their lifetimes are rather
short (smaller than nanosecond) unless one assumes a
very fine-tuning mass degeneracy between the LSP and
the NLSP [1–3]. However, it is quite un-natural to have
mass degeneracy between particles coming from different
sectors in the MSSM, like for instance lightest neutralino
and light stau. Therefore, it is tempting to believe that
it is quite un-natural to have an LLP in the MSSM.
The MSSM is the most natural supersymmetric exten-
sion of the SM, however, the solid experimental evidence
for neutrino oscillations, pointing towards non-vanishing
neutrino masses, indicates the departure from the sim-
plest realization of Supersymmetry (SUSY), the MSSM.
The BLSSM is a simple extension of the MSSM, based on
the gauge group SU(3)C × SU(2)L ×U(1)Y ×U(1)B−L,
can account for current experimental results of light neu-
trino masses and their large mixing [4–16]. Within the
BLSSM, right-handed neutrino superfields are naturally
introduced in order to implement a type I seesaw mecha-
nism, which provides an elegant solution for tiny neutrino
masses. Also, it has been emphasized that the scale of
B−L symmetry breaking is related to the SUSY breaking
one and both occur in the TeV region [17, 18]. Hence,
several testable signals of the BLSSM are predicted at
the LHC [19, 20].
In this paper we will show that in the framework of
the BLSSM, due the decoupling between left-handed and
right-handed sectors, if the LSP is emerged from the
right-handed sector and the NLSP (neutral or charged)
is coming from the left-handed sector, then the decay of
NLSP to the LSP is extremely suppressed and the NLSP
becomes naturally an LLP, even if its mass is not degen-
erate with the LSP. Here, we assume LLP should have
decay length larger than 1 mm. In fact, as we will show
2in the next section, sometimes the mass difference should
be larger than or equal to the mass of W (for charged
NLSP) or Z (for neutral NLSP) gauge bosons, to open a
channel of decay, otherwise the NLSP becomes not only
LLP but also an almost stable particle. In particular, we
will show that a notable feature of the BLSSM is that the
lightest right-handed sneutrino can be naturally the LSP
and stable, so that it is a viable candidate for cold dark
matter [21–23]. We will emphasize that the BLSSM has
a wide range of parameter space that allows the probing
of the signature of both the lightest left-handed sneutrino
and the left-handed stau as neutral and charged LLPs,
respectively.
This paper is organized as follows. In section 2 we
discuss the possibility of having one or more LLP in the
BLSSM model. In section 3 we provide the basic in-
puts required for searching for the neutral and charged
BLSSM LLPs at the Compact Muon Solenoid (CMS) de-
tector. Section 4 is dedicated to analyzing the signature
of the lightest left-handed sneutrino and the left-handed
stau, which are our neutral and charged LLPs, respec-
tively. Finally, our conclusions are given in section 5.
II. LONG-LIVED PARTICLES IN THE BLSSM
The BLSSM is based on the gauge group SU(3)C ×
SU(2)L×U(1)Y ×U(1)B−L. This model is a natural ex-
tension of the MSSM [17] with three right-handed neu-
trino superfields (Nˆi), to account for measurements of
light neutrino masses, two chiral SM-singlet Higgs su-
perfields (χˆ1, χˆ2 with B − L charges YB−L = −2 and
YB−L = +2, respectively), whose Vacuum Expectation
Values (VEVs) of their scalar components, v′1 = 〈χ1〉
and v′2 = 〈χ2〉, spontaneously break the U(1)B−L, and
a vector superfield necessary to gauge the U(1)B−L (Z
′)
acquires its mass from the kinetic term of χ1,2: M
2
Z′ =
g2
B−L
v′2, where g
B−L
is the U(1)B−L gauge coupling con-
stant and v′2 = v′21 + v
′2
2 . Therefore, the superpotential
of the BLSSM is given by
W = (Yu)ijQˆiHˆ2Uˆ
c
j + (Yd)ijQˆiHˆ1Dˆ
c
j + (Ye)ij LˆiHˆ1Eˆ
c
j
+ (Yν)ij LˆiHˆ2Nˆ
c
j + (YN )ijNˆ
c
i χˆ1Nˆ
c
j
+ µ Hˆ1Hˆ2 + µ
′ χˆ1χˆ2. (1)
The B − L charges of the above superfields, the corre-
sponding soft SUSY breaking terms, and the details of
B − L radiative symmetry breaking at TeV scale can be
found in Ref. [17].
In this class of models, the sneutrino squared-mass ma-
trix, in the basis (ν˜L, ν˜
∗
L, ν˜R, ν˜
∗
R), is given by [24]:
M2 =

 M
2
LL M
2
LR
(M2LR)
† M2RR

 , (2)
where
M2LL =
(
m2
L˜
+m2D +
1
2
M2Zc2β −
1
2
M2Z′c2β′
)
I2,
M2LR = mD(Aν − µ cotβ +MN ) I2,
(M2RR)11 = (M
2
RR)22 = M
2
N +m
2
N˜
+m2D +
M2Z′
2
c2β′ ,
(M2RR)12 = (M
2
RR)21 = MN(AN − µ′ cotβ′),
where cx ≡ cosx, I2 is 2 × 2 identity matrix, MN is
the right-handed neutrino mass, which is proportional
to the B − L symmetry breaking VEV, i.e., MN =
YNv
′
1 ∼ O(1) TeV, and mD = Yν〈H2〉 = Yνv2, with
Yν <∼ O(10−6), to fulfill the smallness of light neutrino
masses [4–16]. The soft SUSY breaking parametersmN˜,L˜
and Aν,N are the sneutrino, slepton scalar masses and tri-
linear couplings, respectively, which are given by univer-
sal values at the Grand Unification Theory (GUT) scale
and are determined at any scale by their Renormalization
Group Equations (RGEs) by using SARAH [25–27]. Fi-
nally tanβ′ is defined as the ratio between the two B−L
VEVs, tanβ′ = v′1/v
′
2, in analogy to the MSSM VEVs
(tanβ = v2/v1).
It is worth noting that the mixing between left- and
right-handed sneutrinos (M2LR) is quite suppressed, as
it is proportional to Yν <∼ O(10−6), while the mixing be-
tween the right-handed sneutrinos and right-handed anti-
sneutrinos (M2RR) is quite large, since it is given in terms
of YN ∼ O(1). Thus, the eigenvalues of the left-handed
sneutrino squared-mass matrix M2LL are given by
m2ν˜Li= m
2
ν˜∗
Li
≃ m2
L˜ii
+
M2Z
2
c2β − M
2
Z′
2
c2β′ , i = 1, 2, 3.
(3)
Therefore, depending on the values of the soft scalar
massesm2
L˜ii
, the corresponding left-handed sneutrino ν˜Li
can be light. However, it is important to note that m2
L˜
is
constrained by the Lepton Flavor Violation (LFV) limits
to be diagonal, which contributes to the charged slepton
masses as well [28]. Therefore, the lightest left-handed
charged slepton τ˜L (the left-handed stau) is almost de-
generate with the lightest left-handed sneutrino, ν˜L1 .
Due to the DM constraints, both τ˜L and ν˜L1 can not
be the LSP. Nevertheless, they can be the NLSP. The
eigenvalues of the right-handed sneutrino squared-mass
matrix M2RR are given by [24]:
m2
ν˜Im
R
,ν˜Re
R
= m2ν˜R ∓∆m2ν˜R , (4)
where the mass eigenstates ν˜ImR and ν˜
Re
R are defined as
ν˜ReR =
1√
2
(ν˜R + ν˜
∗
R) , ν˜
Im
R =
−i√
2
(ν˜R − ν˜∗R) . (5)
The squared-mass m2ν˜R is given by
m2ν˜R = M
2
N +m
2
N˜
+m2D +
1
2
M2Z′ cos 2β
′, (6)
and∆m2ν˜R is the mass splitting in the heavy right-handed
sneutrinos, which is given by
∆m2ν˜R = MN
∣∣∣AN − µ′ cotβ′
∣∣∣. (7)
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FIG. 1: Total decay rates of the NLSP including the two- and three-body decays: ν˜L1 (left panel) and τ˜L (right panel) as
a function of the mass difference mNLSP − mLSP, with the LSP is (ν˜
Im
R )1 . The points are obtained by the following inputs:
0.15 ≤ µ ≤ 9 TeV, MA ≃ 1.8 TeV, 2 ≤ tanβ ≤ 10, µ
′ ≃ 2.3 TeV, MA′ ≃ 1.4 TeV, 2 ≤ tan β
′ ≤ 4, gBL ≃ 0.5, −0.5 ≤ g˜ ≤ −0.3,
M1 ≃ 1.2 TeV, 0.8 ≤ M2 ≤ 5.5 TeV, M3 ≃ 1.2 TeV, 0.3 ≤ m
2
L˜11(22)
≤ 103 TeV, 0.1 ≤ m2
L˜33
≤ 15 TeV, m2
N˜11
≃ 10 GeV, and
m2
N˜22(33)
≃ 10 TeV.
This mass splitting and the mixing between the right-
handed sneutrino ν˜R and right-handed anti-sneutrino ν˜
∗
R
are proportional to MN , which represents the magnitude
of lepton number violation. From eq. (4), it is clear that
the lightest ν˜R, (ν˜
Im
R )1 , is typically the lightest sneutrino
and can be even the LSP for a wide region of parameter
space [29], hence it can be stable and a viable candidate
for DM. Depending on the values of MN |AN − µ′ cotβ′|,
the lightest real component of right-handed sneutrino,
(ν˜ReR )1 , could be the NLSP. In this regard, the NLSP can
be one of the following particles: ν˜L1 (and τ˜L), (ν˜
Re
R )1 or
(ν˜ImR )2 . However, among this list of particles only ν˜L1 and
τ˜L have the chance to be LLPs, while (ν˜
Re
R )1 or (ν˜
Im
R )2
cannot, as they have quite large decay widths due to
the following decay channels: (ν˜ReR )1 → (ν˜ImR )1 + Z and
(ν˜ImR )2 → (ν˜ImR )1 + h.
In order to investigate explicitly the possibility that
ν˜L1 and τ˜L can be LLPs, while (ν˜
Re
R )1 or (ν˜
Im
R )2 cannot,
we provide here the relevant interaction terms for their
dominant decay channels:
Lint = 1
2
ν˜L1(ν˜
Im
R )1(p
′− p)µZµ(g1sθW+g2cθW )
3∑
n=1
R1nI1n
+
1
2
τ˜L (ν˜
Im
R )1(p
′− p)µWµ g2
3∑
n=1
E1nI1n
+
1
2
(ν˜ReR )1(ν˜
Im
R )1(p
′− p)µZµ gB−Lsθ′
6∑
n=4
R1nI1n
+i(ν˜ImR )2(ν˜
Im
R )1h
3∑
k=1
(
1
4
Γ13TNkk −
√
2µ′Γ14YNkk
−4v′1Γ13YN 2kk
)
I2,k+3I1,k+3, (8)
where sx≡sinx, g1 and g2 are the U(1)Y and SU(2)L
gauge coupling constants, respectively, θW is the Wein-
berg angle, while θ′ is the mixing angle between the neu-
tral gauge bosons (Z,Z ′), TNij = ANijYNij , and Γij
and Rij (Iij) are the mixing matrices that diagonalize
the CP-even Higgs mass matrix and the CP-even (odd)
sneutrino mass matrix, respectively.
It is noticeable that the interactions in the last two
terms of eq. (8) are proportional to the B−L parameters
(g
B−L
or YN ) and have no significant suppression due
to the mixing matrices, since both sneutrinos are from
the right-handed sector while the interactions of the first
two terms are suffering from stringent suppression due
to mis-match between the mixing matrices of left- and
right-handed sneutrinos.
In Fig. 1, we display the total decay rates including the
two- and three-body decays, which have been calculated
by SPheno [30, 31], of the potential BLSSM long-lived
particles: ν˜L1 (left panel) and τ˜L (right panel) as func-
tion of the mass difference mNLSP−mLSP, when NLSP is
either ν˜L1 or τ˜L and the LSP is (ν˜
Im
R )1 . Here the points
have been generated over the following ranges of the rele-
vant BLSSM fundamental parameters: 0.15 ≤ µ ≤ 9 TeV,
MA ≃ 1.8 TeV, 2 ≤ tanβ ≤ 10, µ′ ≃ 2.3 TeV, MA′ ≃
1.4 TeV, 2 ≤ tanβ′ ≤ 4, gBL ≃ 0.5, −0.5 ≤ g˜ ≤ −0.3,
M1 ≃ 1.2 TeV, 0.8 ≤ M2 ≤ 5.5 TeV, M3 ≃ 1.2 TeV,
0.3 ≤ m2
L˜11(22)
≤ 103 TeV, 0.1 ≤ m2
L˜33
≤ 15 TeV,
m2
N˜11
≃ 10 GeV, and m2
N˜22(33)
≃ 10 TeV. As can be
seen from this figure, τ˜L and ν˜L1 can be long-lived par-
ticles only if the difference between their masses and the
LSP mass, m(ν˜Im
R
)
1
, is approximately equal to MW and
MZ , respectively.
III. BLSSM LONG-LIVED PARTICLE
SEARCHES AT THE CMS
As advocated in the introduction, the main distinct
feature of LLPs is that they can travel finite distances
before they decay into SM particles. Therefore, these
new particles can be probed at the LHC by looking for
4Z ′/Z/γ
ν˜L1
(ν˜ImR )1
Z
(ν˜ImL )i
q
q¯
W
τ˜L
(ν˜ImR )1
W
(ν˜ImL )i
q
q¯
FIG. 2: Feynman diagrams depicting the production mechanism of the LLPs (ν˜L1 and τ˜L) at the LHC.
their displaced vertex signatures. Displaced vertex is de-
fined as the distance between the primary vertex, which
is originated from the hard scattering at the interaction
point, and the secondary vertex that can be identified us-
ing the tracker information and the energy loss [32]. In
our BLSSM, the lightest left-handed sneutrino ν˜L1 , the
neutral LLP, can be produced at the LHC through the
channel mediated by Z ′/Z/γ decay, while the left-handed
stau (τ˜L), the charged LLP, can be produced through the
off-shellW boson, as shown in Fig. 2. Then later the neu-
tral LLP decays to (ν˜ImR )1 + Z, while the charged LLP
decays to (ν˜ImR )1 +W . We recall that both candidates of
our LLPs are from the left-handed sector while the LSP
from the right-handed sector, therefore their decay rates
are quite suppressed and their lifetime is rather long.
The efficiency for reconstructing events of displaced
vertex depends on the region of the detector where
the LLP decays. If the lifetime of the LLP is rather
short, then it decays within the inner detector. For
a larger lifetime ∼ O(1) meter, it can decay in the
outer layers of the detector, Electromagnetic Calorimeter
(ECAL), Hadronic Calorimeter (HCAL) or Muon Cham-
ber (MuC) [33, 34]. Finally, if the LLP has a very long
lifetime, it may decay outside the detector boundaries.
The tracker, which is the innermost detector system of
the CMS detector, has a length of 5.8 m and a diame-
ter of 2.5 m. It comprises a silicon pixel detector with
three barrel layers at radii between 4.4 cm and 10.2 cm
and a silicon strip tracker with ten barrel detection layers
extending outwards to a radius of 1.1 m [35, 36]. Each
system is completed by endcaps, which consist of two
disks in the pixel detector and three plus nine disks in
the strip tracker on each side of the barrel, extending
the acceptance of the tracker up to a pseudorapidity of
|η| > 2.5 [35, 36]. The observation of a displaced vertex
depends on reconstructing the tracks of the charged fi-
nal state particles. As displayed in Fig. 3, one needs at
least two charged tracks to reconstruct a secondary ver-
tex. Important parameters for this reconstruction are as
follows:
• The total distance from primary to secondary ver-
tices, Lxy, which can be called the decay length.
This decay length is defined as the distance in xy-
plane between the particle and its decay products,
which is calculated using the generator level infor-
FIG. 3: A schematic diagram for the LLP displaced vertex.
mation. The decay length Lxy is calculated by:
Lxy =
√
(d.v(x) −m.v(x))2 + (d.v(y)−m.v(y))2, (9)
where mother (m) and daughter (d) represent the
LLP and its decay product, respectively, and v(x)
and v(y) represent the vertex coordinates in the
xy-plane.
• The impact parameter, d0 = Lxy sin θ, where θ is
the angle described by the trajectory of the dis-
placed vertex with respect to the beam line, which
is also depicted in Fig. 3.
In order to distinguish the displaced vertices from pri-
mary ones, the constraints: |d0| > (2–4) mm and
Lxy > (4–8) mm, are usually imposed. With these cuts,
the SM backgrounds become almost neglected [37–40].
The lifetime of the LLP is defined as
τ0 =
~
Γtot.
, (10)
where Γtot. is the total decay width of the LLP. As men-
tioned, the total decay width is proportional to the mix-
ing between both left- and right-handed sectors which
is highly suppressed. Therefore, the lightest left-handed
sneutrino and the left-handed stau will have large life-
times. Fig. 4 shows the displaced distance of the neutral
LLP (left panel) and the charged LLP (right panel) ver-
sus the mass of the corresponding LLP. It is clear that in
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FIG. 4: Displaced distance of the LLPs: ν˜L1 (left panel) and τ˜L (right panel) as function of its mass, where the LSP is (ν˜
Im
R )1 .
Horizontal (blue and red) lines correspond to the upper limits on the lifetime of the LLP so that particle reaches the ECAL
and the MuC. Here, we have used the same inputs of Fig. 1.
both cases, the neutral and charged LLPs, one can get a
significant traveled distance by the LLP before its decay
within the detector boundaries, where, in Fig. 4, the blue
and red dashed lines correspond to the dimensions of the
ECAL and the MuC, respectively. It is worth noting that
we have used combined information from the tracker, the
ECAL and the MuC to study leptons from LLP decays.
The LLP lifetime τ in the laboratory frame is related
to the proper lifetime τ0 as
τ = γτ0, (11)
where γ is the Lorentz factor, which depends on mass
and momentum of the LLP. Depending on its lifetime,
the LLP can travel a finite distance after its production
at the LHC and before its decay.
Besides the traveled distance, the probability of the
long-lived particles decaying in the detector depends on
their kinematic configuration and on the region of the
detector in which the decay may occur. This probability
can be defined in a region determined by inner and outer
distances of the detector, where the LLPs decay to their
SM components, as follows [41, 42]
P =
∫ r2
r1
dx
1
cτ
e(−
x
cτ
), (12)
where r1 and r2 are both inner and outer distances of the
detector, which depend on pseudorapidity η, and c is the
speed of light. Fig. 5 shows probability distribution for
the decay of the neutral LLP (left panel) and the charged
LLP (right panel) in two regions (a and b): Region a,
where r1 = 0.5 m and r2 = 5 m, has been chosen to
select LLPs that decay in the tracker beyond where tracks
can be reconstructed and before the MuC to provide the
possibility of observing muon hits. Region b, where r1 =
0.1 m and r2 = 0.5 m, has been selected to probe LLPs
that decay within the inner tracker. Also, one can see
that, at high cτ0 the probability of finding a muon pair in
region a is dominated (solid curves), while for low cτ0 the
probability for finding electron pair in region b can exceed
(dashed curves). Thus, in our analysis, to reconstruct the
LLP we have required the existence of both electron and
muon pairs. The expected number of events for long-lived
decays after it moves a distance in the detector between
r1 and r2 can be obtained by
N = P L σtot., (13)
where P is the probability of finding a long-lived particle
decay and is defined in eq. (12), L is the LHC integrated
luminosity and σtot. is the total production cross section
for the full process at the LHC.
IV. BLSSM LONG-LIVED SIGNATURES AT
THE CMS
In this section we discuss the signature of the above
mentioned examples of neutral and charged LLPs (ν˜L1
and τ˜L) by using simulated events in proton-proton col-
lisions at
√
s = 13 TeV and with integrated luminos-
ity 100 fb−1. The matrix-element calculation and the
generation of signal events at parton level have been
done using MadGraph5_aMC@NLO [43], whereas, for par-
ton showering as well as hadronization, we have used
PYTHIA8 [44]. The detector simulation has been per-
formed using DELPHES-v3.4.1 package [45]. Finally, the
analysis and plots have been produced using ROOT6 ob-
ject orientated data analysis framework [46]. Every time
the CMS proton bunches cross one another, more than
one proton-proton collision takes place; this is known as
pile-up. In order to take the pile-up effects into account,
all samples have been simulated with pile-up = 55 per
vertex.
The neutral LLP, ν˜L1 , is characterized by the Z boson
decays to displaced di-lepton in the final state, while the
charged LLP, τ˜L, is characterized by the charged tracks
properties which are different in energy deposit in the
tracker and in the momentum from those associated with
the SM processes. The highly displaced tracks can be re-
constructed in the CMS tracker [36]. This ability allows
the study of the neutral LLP tracks, where it cannot be
probed using its tracks information itself, but it can only
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FIG. 5: Probability distribution of the neutral LLP (left panel) and the charged LLP (right panel) to decay within the detector
regions a and b, as explained in the text, versus their displaced distance cτ0. Here, red and blue curves denote γ = 0.75 and
γ = 1, respectively, and solid curves refer to region a while dashed curves refer to region b. Again, we have used the same
inputs as in Fig. 1.
be probed using its displaced tracks information formed
by the charged decay products of this LLP. At the mo-
ment, the CMS is less sensitive to probe the LLPs with
decay length cτ0 > 1m [34], thus for the neutral LLP ν˜L1 ,
we consider two cases: cτ0 = 6.5m and cτ0 = 90 cm, with
production cross sections: 7.6 fb and 4.9 fb, respectively,
while for the charged LLP τ˜L, we also consider two cases:
cτ0 = 6.9 m and cτ0 = 85 cm, with production cross sec-
tions: 9.6 fb and 1.7 fb, respectively. This set of points
has been chosen from the random scan in Fig. 1 to an-
alyze the LLPs decaying in two different regions of the
CMS detector, outside the tracker (cτ0 > 1 m) and inside
the tracker (cτ0 . 1 m).
A. Long-lived sneutrino signature at the CMS
We start with analyzing the signal of the neutral LLP,
ν˜L1 , which decays to Z boson and (ν˜
Im
R )1 as a missing
transverse energy (/ET ), as shown in Fig. 2 (left panel).
The experimental signature is a distinctive topology con-
sisting of a pair of charged leptons originating from a
displaced secondary vertex [47]. Due to the fact that all
the SM particles should have a decay length Lxy of order
4 mm, we require Lxy > 20 mm in order to distinguish
between our signal and the SM background. In Fig. 6,
we show Lxy distribution for the neutral LLP, ν˜L1 . As
can be seen from this figure, our neutral LLP can travel
up to 7 m in the xy-plane of the CMS detector.
As emphasized, the SM particles could have a dis-
placed di-lepton with much smaller d0 than those of the
LLP [48]. Therefore, the event selection focuses exclu-
sively on a displaced and isolated lepton signature and it
does not try to identify signal events using missing en-
ergy. In this way, we retain sensitivity to our model which
can produce leptons with displacements from 100 µm to
more than 20 cm, regardless whether these leptons are
accompanied /ET , or other interesting features. In Fig. 7,
we show the angular separation in the φ direction be-
tween ll and /ET , ∆φ(ll, /ET ), where l = e, µ. Since the
signal has two sources of /ET as shown in Fig. 2 (left
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FIG. 6: Lxy for the neutral LLP, ν˜L1 , which is calculated from
eq. (9).
panel), ∆φ is almost flat distribution and we do not ap-
ply any cut on it in our selection. However, such a cut
may play a role in separation between our signal and any
SM process could have a /ET in a specific direction.
Moreover, in our analysis, if isolated leptons (muons
or electrons) are matched to a track within ∆R =√
(∆η)2 + (∆φ)2 < 0.1, then this lepton track is ob-
tained, where ∆η and ∆φ represent the angular separa-
tion between leptons and tracks in η and φ coordinates,
respectively. In order to separate our signal from SM
contamination we apply additional cuts on leptons as fol-
lows:
1. In the di-muon channel: two oppositely charged
muons with pT (µ) > 26 GeV.
2. In the di-electron channel: two charged electrons
with pT (e) > 36 GeV while charge requirement in
case of electrons is relaxed, as bremsstrahlung can
result in incorrect charge reconstruction especially
of high pT electrons [47].
After applying all these selections, the neutral LLP
7Cuts cτ0 = 90 cm cτ0 = 6.5 m
Before cuts 4960000 7600000
n(l) ≥ 2 561463 898899
pT (µ) > 26 GeV & pT (e) > 36 GeV 176828 86971
∆R(l, track) < 0.1 238 114
d0 > 300 µm 223 107
TABLE I: Signal cut-flow for the two cases of the neutral
LLP: cτ0 = 90 cm and cτ0 = 6.5 m, normalized to its total
cross section and the integrated luminosity.
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FIG. 7: The angular separation in φ between di-lepton and
/ET .
signature is characterized by two isolated and displaced
leptons in the final state. These two leptons should have
a large impact parameter d0 which separates them from
the leptons produced from SM processes. The number of
signal events after each cut shown in table I. It is worth
mentioning that, with this set of cuts, our signal is back-
ground free. In Fig. 8, we show the number of events of
the signal versus the impact parameter d0, which can be
larger than 10 cm for leptons. The region with small d0,
i.e., d0 ≃ few hundreds of µm is expected to be contami-
nated by the SM background [34, 49], while at the region
with larger d0 ≃ few cm is expected to be dominated by
our signal for the neutral LLP, ν˜L1 .
B. Long-lived stau signature at the CMS
We now turn to the charged LLP, τ˜L, analysis. While
the displaced di-lepton gives a clear signature for the
neutral LLP, the track analysis is used for the charged
LLP signature, which behaves like heavy and slow mov-
ing muon. The velocity of the charged LLP, is defined
as [50]
β =
p
E
, (14)
where E, p are energy and momentum of the track asso-
ciated with the charged LLP and are considerably lower
than unity, which is not the case for muons. Another
characteristic feature of τ˜L as the charged LLP is that
its associated tracks have large momenta, which can be
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FIG. 8: Impact parameter distribution for the displaced elec-
tron or muon pair produced from Z decay at the ECAL or
the MuC, respectively.
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FIG. 9: Lxy for the charged LLP, τ˜L, which is calculated from
eq. (9).
used to separate them from the muons. In this study, mo-
tivated by the analysis in Ref. [51], cuts are performed on
transverse momentum pT , and β for heavy charged tracks
to distinguish them from muons. They are as follows:
1. As for the neutral LLP case, Lxy is used to reject
some of the SM backgrounds which have Lxy .
4 mm. Here also, we select Lxy > 20 mm as shown
in Fig. 9 which indicates a large Lxy (up to 7 m)
for our charged LLP.
2. The tracks associated with the charged LLP are
chosen with pT > 30 GeV and |η| < 2.1. This
is consistent with the relatively high track p of our
τ˜L, as shown in Fig. 10 (left panel). As emphasized,
this is one of the characteristics of the charged LLP.
3. An extra cut: ∆R(τ˜L, track) < 0.5 is imposed to
confirm that a specific track originated from the
charged LLP τ˜L not from other sources. This cut
is applied using the information from tracks and
generator level variables with τ˜L selected with its
pdgId [52].
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FIG. 10: Left panel, the momentum p of the track associated with the charged LLP, τ˜L. Right panel, β distribution for the
charged LLP, which is calculated from the track information.
Cut cτ0 = 85 cm cτ0 = 6.9 m
Before cuts 1700000 9600000
Lxy > 20 mm 3701 20782
Track pT (τ˜L) > 30 GeV 2062 11793
∆R(τ˜L, track) < 0.5 52 745
β < 0.95 50 717
TABLE II: Signal cut-flow for the two cases of the charged
LLP: cτ0 = 85 cm and cτ0 = 6.9 m, normalized to its total
cross section and the integrated luminosity.
4. We impose the cut β < 0.95 to distinguish our
charged LLP from muons. Small values of β for τ˜L
are quite natural as shown in Fig. 10 (right panel),
where there is a significant number of events for
such small β.
After applying all of the above cuts except β < 0.95,
the remaining tracks associated with the charged LLP
have a large track p. After applying the β cut, the re-
maining tracks have a small β compared with the muons.
This small β means that the ratio between the traveling
velocity of the charged LLP and the speed of light is sig-
nificantly smaller than unity, as expected. Table II shows
the signal cut flow for the two benchmark points. It is
worth mentioning that, with this set of cuts our signal is
background free. Using those two variables, track p and
β, we can discriminate the charged LLP from other SM
backgrounds which are expected to have relatively small
track p and β ≃ 1.
V. CONCLUSIONS
In this paper, we studied two examples of possible
LLPs, predicted by the BLSSM, namely the lightest left-
handed sneutrino, ν˜L1 , and the left-handed stau, τ˜L,
which act as neutral and charged LLPs, respectively.
A salient feature of these NLSP particles is that they
do not need to be degenerate in mass with the LSP.
Thus, a significant fine-tuning, usually assumed in the
MSSM and other LLP scenarios, is avoided. Their long
lifetimes are mainly due to the fact that they emerged
from the left-handed sector, while the LSP of the consid-
ered model emerged from the right-handed sector, there-
fore their couplings with the LSP are extremely sup-
pressed. The main production of these LLPs at the LHC
is through the processes: pp → Z ′/Z/γ → ν˜L1 + (ν˜ImR )1
and pp → W → τ˜L + (ν˜ImR )1. Then, they decay into
ν˜L1 → (ν˜ImR )1 + Z and τ˜L → (ν˜ImR )1 +W . To make the
lifetime of these particles not very long, so that they can
decay inside the detector, the difference between their
masses and the LSP mass should be larger than or equal
to MZ (for the neutral LLP) and MW (for the charged
LLP).
We have analyzed the signatures of these LLPs at the
LHC, for a run with a center of mass energy
√
s = 13
TeV and integrated luminosity = 100 fb−1. The impact
parameter d0 which is the main characteristic variable
for displaced vertices analysis has been reconstructed for
the neutral LLP signal using a fast detector simulator.
We have shown that the total decay width for ν˜L1 can
reach 10−17 GeV, which enables it to have a large d0,
20 cm or even more, hence the associated signal can be
easily identified from the SM backgrounds. Also the total
decay width of the τ˜L can reach 10
−17 GeV, so that the
analysis for the charged LLP τ˜L carried out with cuts on
the associated tracks are imposed to choose high p and
slow moving charged tracks.
After combining all results, we conclude that, unlike
MSSM the B−L extension of MSSM naturally provides
long-lived candidates without any fine-tuning, with clean
signatures that can be reachable at the next run of the
LHC.
Acknowledgements
The authors would like to thank Ahmed Abdelalim
and Nicola De Filippis for fruitful discussions. A.K.
would like to thank Akshansh Singh and Isabell Melzer-
Pellmann for useful discussions about the long-lived anal-
9ysis. The work of W.A. and S.K. is partially supported
by the STDF project 18448 and the European Union
FP7 ITN INVISIBLES (Marie Curie Actions, PITN-GA-
2011-289442). W.A. would like to thank the Department
of Atomic Energy (DAE) Neutrino Project of Harish-
Chandra Research Institute. The work of A.H. is sup-
ported by the Swiss National Science Foundation and the
work of A.K. is supported by the Helmholtz Association
of German Research Centres.
[1] S. Kaneko, H. Saito, J. Sato, T. Shimomura, O. Vives
and M. Yamanaka, Phys. Rev. D 83, 115005 (2011)
[arXiv:1102.1794 [hep-ph]].
[2] M. Johansen, J. Edsjo, S. Hellman and D. Milstead,
JHEP 1008, 005 (2010) [arXiv:1003.4540 [hep-ph]].
[3] S. Kaneko, J. Sato, T. Shimomura, O. Vives and M. Ya-
manaka, [Phys. Rev. D 78, 116013 (2008)] Erratum:
Phys. Rev. D 87, 039904 (2013) [arXiv:0811.0703 [hep-
ph]].
[4] S. Khalil, J. Phys. G 35, 055001 (2008)
[hep-ph/0611205].
[5] L. Basso, A. Belyaev, S. Moretti and C. H. Shepherd-
Themistocleous, Phys. Rev. D 80, 055030 (2009)
[arXiv:0812.4313 [hep-ph]].
[6] L. Basso, A. Belyaev, S. Moretti, G. M. Pruna and
C. H. Shepherd-Themistocleous, PoS EPS-HEP2009,
242 (2009) [arXiv:0909.3113 [hep-ph]].
[7] L. Basso, S. Moretti and G. M. Pruna, Phys. Rev. D 83,
055014 (2011) [arXiv:1011.2612 [hep-ph]].
[8] L. Basso, A. Belyaev, S. Moretti and G. M. Pruna, J.
Phys. Conf. Ser. 259, 012062 (2010) [arXiv:1009.6095
[hep-ph]].
[9] S. K. Majee and N. Sahu, Phys. Rev. D 82, 053007 (2010)
[arXiv:1004.0841 [hep-ph]].
[10] T. Li and W. Chao, Nucl. Phys. B 843, 396 (2011)
[arXiv:1004.0296 [hep-ph]].
[11] A. Alves, A. Berlin, S. Profumo and F. S. Queiroz, JHEP
1510, 076 (2015) [arXiv:1506.06767 [hep-ph]].
[12] P. Fileviez Perez, T. Han and T. Li, Phys. Rev. D 80,
073015 (2009) [arXiv:0907.4186 [hep-ph]].
[13] W. Emam and S. Khalil, Eur. Phys. J. C 55, 625 (2007)
[arXiv:0704.1395 [hep-ph]].
[14] M. Klasen, F. Lyonnet and F. S. Queiroz, Eur. Phys. J.
C 77, no. 5, 348 (2017) [arXiv:1607.06468 [hep-ph]].
[15] S. Khalil and S. Moretti, J. Mod. Phys. 4, 7 (2013)
[arXiv:1207.1590 [hep-ph]].
[16] S. Khalil and S. Moretti, Front. Phys. 1, 10 (2013)
[arXiv:1301.0144 [physics.pop-ph]].
[17] S. Khalil and A. Masiero, Phys. Lett. B 665, 374 (2008)
[arXiv:0710.3525 [hep-ph]].
[18] Z. M. Burell and N. Okada, Phys. Rev. D 85, 055011
(2012) [arXiv:1111.1789 [hep-ph]].
[19] W. Abdallah, A. Hammad, S. Khalil and S. Moretti,
Phys. Rev. D 95, 055019 (2017) [arXiv:1608.07500 [hep-
ph]].
[20] W. Abdallah, J. Fiaschi, S. Khalil and S. Moretti, JHEP
1602, 157 (2016) [arXiv:1510.06475 [hep-ph]].
[21] W. Abdallah and S. Khalil, JCAP 1704, 016 (2017)
[arXiv:1701.04436 [hep-ph]].
[22] S. Khalil, H. Okada and T. Toma, JHEP 1107, 026
(2011) [arXiv:1102.4249 [hep-ph]].
[23] S. Khalil and H. Okada, Phys. Rev. D 79, 083510 (2009)
[arXiv:0810.4573 [hep-ph]].
[24] A. Elsayed, S. Khalil, S. Moretti and A. Moursy, Phys.
Rev. D 87, 053010 (2013) [arXiv:1211.0644 [hep-ph]].
[25] F. Staub, Comput. Phys. Commun. 185, 1773 (2014)
[arXiv:1309.7223 [hep-ph]].
[26] F. Staub, Comput. Phys. Commun. 181, 1077 (2010)
[arXiv:0909.2863 [hep-ph]].
[27] F. Staub, arXiv:0806.0538 [hep-ph].
[28] A. Hammad, S. Khalil and C. S. Un, Phys. Rev. D 95,
055028 (2017) [arXiv:1605.07567 [hep-ph]].
[29] L. Delle Rose, S. Khalil, S. J. D. King, C. Marzo,
S. Moretti and C. S. Un, Phys. Rev. D 96, 055004 (2017)
[arXiv:1702.01808 [hep-ph]].
[30] W. Porod and F. Staub, Comput. Phys. Commun. 183,
2458 (2012) [arXiv:1104.1573 [hep-ph]].
[31] W. Porod, Comput. Phys. Commun. 153, 275 (2003)
[hep-ph/0301101].
[32] T. Lenz, PoS LHCP 2016, 104 (2016) [arXiv:1609.08369
[hep-ex]].
[33] CMS collaboration, Eur. Phys. J. C 75, 151 (2015)
[arXiv:1501.05603 [hep-ex]].
[34] CMS collaboration, Phys. Rev. D 91, 052012 (2015)
[arXiv:1411.6977 [hep-ex]].
[35] CMS collaboration, JINST 8, P11002 (2013)
[arXiv:1306.6905 [physics.ins-det]].
[36] CMS collaboration, JINST 9, P10009 (2014)
[arXiv:1405.6569 [physics.ins-det]].
[37] CMS collaboration, JHEP 1302, 085 (2013)
[arXiv:1211.2472 [hep-ex]].
[38] ATLAS collaboration, Phys. Lett. B 719, 280 (2013)
[arXiv:1210.7451 [hep-ex]].
[39] D. G. Cerdeño, V. Martín-Lozano and O. Seto, JHEP
1405, 035 (2014) [arXiv:1311.7260 [hep-ph]].
[40] ATLAS collaboration, Phys. Rev. Lett. 108, 251801
(2012) [arXiv:1203.1303 [hep-ex]].
[41] E. Accomando, L. Delle Rose, S. Moretti, E. Olaiya and
C. H. Shepherd-Themistocleous, JHEP 1704, 081 (2017)
[arXiv:1612.05977 [hep-ph]].
[42] S. Antusch, E. Cazzato and O. Fischer, JHEP 1612, 007
(2016) [arXiv:1604.02420 [hep-ph]].
[43] J. Alwall et al., JHEP 1407, 079 (2014) [arXiv:1405.0301
[hep-ph]].
[44] T. Sjostrand, S. Mrenna and P. Z. Skands, Comput. Phys.
Commun. 178, 852 (2008) [arXiv:0710.3820 [hep-ph]].
[45] DELPHES 3 collaboration, JHEP 1402, 057 (2014)
[arXiv:1307.6346 [hep-ex]].
[46] R. Brun and F. Rademakers, Nucl. Instrum. Meth. A
389, 81 (1997).
[47] CMS collaboration, CMS-PAS-EXO-12-037.
[48] CMS collaboration, CMS-PAS-EXO-16-022.
[49] I. Lara, D. E. Lopez-Fogliani, C. Munoz, N. Nagata,
H. Otono and R. Ruiz de Austri, arXiv:1804.00067 [hep-
ph].
[50] A. Ghosh, T. Mondal and B. Mukhopadhyaya, JHEP
1712, 136 (2017) [arXiv:1706.06815 [hep-ph]].
[51] CMS collaboration, Phys. Rev. D 94, 112004 (2016)
[arXiv:1609.08382 [hep-ex]].
[52] Particle Data Group, Chin. Phys. C 40, 100001 (2016).
